Any single method of testing food limitation can be misleading or inconclusive. We therefore used five different tests for food-limited growth of larvae of a sea urchin from the northwest Mediterranean: 1. In both spring and autumn, larvae given a nearly natural ration of food from daily changes of seawater grew and developed more slowly than larvae with the same water enhanced with a cultured alga. 2. Larvae given a nearly natural ration of food developed more slowly in autumn, when concentrations of chlorophyll a and particles in the plankton were lower, than in spring when these indications of food were higher. 3. Larvae given the enhanced ration grew and developed more rapidly than larvae in presumed cohorts in the plankton. 4. In both spring and autumn, larvae in the field had a food-limited form (longer arms and delayed formation of the echinus rudiment) in contrast to larvae given an enhanced ration. 5. Larvae in the autumn plankton had a more food-limited form than larvae in the spring plankton. Results of all five tests indicated food-limited growth in coastal waters in autumn; three indicated food-limited growth in spring. The concentrations of natural food were not unusually low. Food-limited growth suggests that these larvae may commonly feed with maximal or near-maximal clearance rates. If echinoid larval growth is limited by food under these conditions, it is likely that growth of other larval invertebrates is food limited in many coastal waters.
A general purpose of this study was to demonstrate the advantages of simultaneous multiple methods in testing the hypothesis of foodlimited growth and development as a check on assumptions of single methods. Our approach, different simultaneous tests of the hypothesis, is applicable to all planktonic suspension feeders. Multiple methods that differ in assumptions provide a much stronger conclusion than a single method.
A specific objective was to test for foodlimited growth and development in echinoderm larvae. Olson and Olson (1989) suggested that echinoderm larvae are especially insensitive to low concentrations of food, and near-maximal rates of development have been inferred from field experiments in food-poor
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Food-limited growth and development could have many consequences. For holoplankton, interest often centers on trophic relationships and secondary production (Huntley and Lopez 1992) , but for meroplankton interest is usually focused on implications for life-history ecology and evolution. If the planktonic 1arv;ae of benthic invertebrates are commonly food limited in growth and development, there are significant implications for dispersal, recruitment, and selection on the larval-feeding apparatus and its development.
Food-limited growth imposes a longer period from the initiation of larval feeding until competence for metamorphosis, and this increased planktonic period increases transport and mortality of larvae. If food often limits rate of growth, then larvae may often need to clear particles from suspension at high rates, and this would account for striking features of larval form and behavior.
Numerous experiments, comparisons, and calculations have addressed the degree to which 84 natural supplies of food limit growth of marine zooplankton, with attention especially to crustaceans (Frost 1985; Mullin 1988; Hansson et al. 1990; Epifanio et al. 199 l) , fish larvae (Theilacker 1986; Cushing 1990) , and the ciliatcd larvae of marine invertebrates (R. R. Olson and Olson 1989) .
It is beyond dispute that concentrations of food in coastal waters are commonly sufficient to prevent starvation of suspension-feeding larvae, because many larval forms have been reared by investigators who used only frequent changes of seawater (e.g. Mortensen 192 1; Paulay et al. 1985; Fenaux et al. 1988) or cages in situ (e.g. Haynes 1977; Olson 1987; Olson et al. 1987 Olson et al. , 1988 . Starvation with natural concentrations of particles has never been demonstrated for small ciliary suspension feeders such as plutei or veligers.
It remains uncertain whether food in coastal waters is commonly sufficient to provide maximal growth rates for suspension-feeding ciliated larvae. Uncertainty persists because some studies have indicated food-limited growth in coastal waters that are rich in food, whereas others have indicated nearly maximal rates of growth in coastal waters poor in food (see Olson and Olson 1989) .
All known methods of testing for food-limited growth are subject to artifacts or depend on untested assumptions; but because the failings of the methods differ, the chance of an erroneous conclusion can be reduced by using more than one method to test for food-limited growth. We therefore used five different tests for food limitation, with no one assumption or artifact common to all. If all tests agree, the chance of an erroneous conclusion is substantially reduced.
Questions about food limitation were posed in five ways.
First, is growth in the laboratory with natural planktonic food less than growth with an enhanced ration? We compared a nearly natural ration (seawater filtered through a 50-pm mesh and changed daily) with the same water enhanced by adding cultured algae. This method has the advantages of a controlled cxperiment with full-sibling larvae, but extension of quantitative results to conditions in the plankton is uncertain because conditions of food, water motion, and light are not entirely natural in enclosures of seawater.
Second, is growth in the laboratory with natural planktonic food less in seasons when seawater has lower concentrations of chlorophyll and particles? Only naturally occurring food is compared, but the advantage of comparing full siblings is lost, and seasonal differences in parental nutrition could affect development of larvae with the same larval food supply (George 1990) .
. Third, does the maximum rate of growth in the laboratory exceed the inferred rate of growth in the field? Food-limited growth in plankton is indicated if larval development in a cohort is slower than growth of larvae with enhanced rations in the laboratory. The field observations avoid laboratory artifacts, but inferences about cohorts require assumptions untested because of practical limits on determining effects of patchiness, mixing, and transport. In addition, sampling a cohort overestimates rates of development when slower growing larvae suffer higher mortality (Lopez 199 1) .
Fourth, does the form of the larvae in the plankton indicate that their development has been food limited? Laboratory observations (Boidron-Metairon 1988; Fenaux et al. 1988; Hart and Scheibling 1988a; Strathmann et al. 1992 ) have demonstrated effects of quantity of food on the form of echinoid larvae. The differences provide an indication of food limitation in sampled larvae, just as other morphological or biochemical indices of condition have been used for zooplankton.
The comparison requires no assumptions about cohorts and is insensitive to differences in temperature because rates of growth and development are not compared. However, factors other than food limitation could affect condition of animals. Also, the shape or biochemical composition of larvae do not provide the estimates of planktonic period needed to determine the effects of food limitation on larval transport and mortality.
Fifth, does the form of planktonic larvae in seasons with lower particle or chlorophyll concentrations indicate more limiting quantities of food? Laboratory artifacts that affect rates are avoided as are assumptions about cohorts in the plankton; however, larvae in different seasons could be developing from eggs of different quality, and intraspecific differences in egg quality are known to affect larval devclopment (Bayne et al. 1978; George 1990) . Also, cr ic 43'40' N jP Fig. 1. Sampling locations and 50-m depth contour off the CGtc d'Azur. Samples for morphomctric and cohort analysis were from points B, S, and SR near the mouth of the bay of Villefranche. Additional samples that confirmed similar stages in early spring over a broad region were from stations 1 to 10.
concentrations of chlorophyll and particles do not necessarily measure the quantity and quality of food for the larvae.
Materials and methods
These multiple comparisons provided a check on each other. For example, a comparison among laboratory treatments could be biased by artifacts of handling seawater and larvae but is a check against false inferences on growth from plankton samples. A comparison of laboratory-reared larvae with cohorts in the field depends on assumptions about the distribution of larvae in the plankton but is a check against depressed growth in all laboratory treatments. Comparisons of form in field samples are unaffected by errors in determining rates of development. Thus, we can be more confident of results if all these methods give the same result for the same larvae in the same waters.
Both field samples and water for laboratory rearing were taken near the mouth of the bay (Fig. 1 ).
Larvae of P. Zividus were obtained and reared as follows. In spring (18 May 1988) and autumn (18 October 1988), ova and sperm were collected from spontaneously spawning parents; each fertilization was from a different pair of parents. In the spring experiment, mean diameter of fertilized eggs was 9 1 pm (n = 5, all diameters within 1 pm of the mean), and all treatments and replicates used full siblings. In the autumn experiment, diameters of unfertilized eggs were 86, 87, and 103 ,um (means of 30 eggs each), and each treatment included two replicate cultures of larvae from the batch of largest eggs, two with the smallest eggs, and one with the other eggs.
We used larvae of the sea urchin ParacenFor the principal experiments, embryos and trotus lividus (Lamarck) in the oligomesolarvae of P. lividus were reared in 10 jars (5 trophic coastal waters of the Ligurian Sea replicates each for two treatments), each with (northwest Mediterranean). At the study site, -100 larvae in 1.6 liters of seawater. The volin the absence of a continental shelf, P. Zividus ume of water per larva was therefore several adults are restricted to shallow water near the times the maximum volume of water cl,eared coast. Though part of the larval population of particles per day by echinoderm larvae of spreads offshore, a large portion of the larvae similar size (Strathmann 197 1) . Jars were remains near the coast, and the larvae are most stirred by a system of motor-driven paddles at abundant in surface waters (Fenaux and Pe- 10 strokes per minute (M. F. Strathmann 1987) drotti 1988). Larvae could be retained in surand cooled by immersion in baths supplied by face water within the bay of Villefranche durthe laboratory's seawater system. mg calm weather but would be exported when winds replace the surface water with underlying water (Nival et al. 1975) . Alternatively, larvae could be transported from farther east (upstream) along the C&e d'Azur in the westward-flowing Liguro-Provencal current (Bethoux et al. 1988) . The characteristics of the site, therefore, suggest that a given cohort of larvae could be sampled repeatedly near the mouth of the bay, either because of retention of larvae in the bay during calm weather or because of synchronous spawning and development of larvae along a large portion of the C6te d'Azur.
Feeding by larvae of P. lividus has been studied extensively (Fenaux et al. 1985a (Fenaux et al. ,b, 1987 (Fenaux et al. , 1988 , and the larvae are identifiable in plankton samples (Fenaux 1968; Fenaux and Pedrotti 1988) . The waters had low but nolt unusually low concentrations of phytoplankton (0.1-0.5 pg liter-' of Chl a).
Seawater for the jars was collected at the surface at point B near the mouth of the bay. Surface samples were deemed adequately representative of natural food because larval P.
Zividus has been found mostly in the upper 10 m (Fenaux and Pedrotti 1988) . Water in the jars was changed daily. The water was rcmoved through a siphon with a mesh that retained the larvae, then replaced with freshly collected seawater containing food at three ration levels. A nearly natural ration of phytoplankton was provided by freshly collected seawater that had been filtered through a 50-pm mesh to remove predators and all but the smallest suspension feeders. An enhanced ration was provided by adding a cultured alga (Hymenomonas elongata) to water with the nearly natural ration. In spring, the addition was to a level of -1,300 cells of H. elongata ml-' and in autumn to -2,000 ml-'. With -166 x 1 O-6 pg C cell-l (Razouls et al. 1987) , this enhancement exceeded the amount of natural phytoplankton and produced a total diet near the satiating concentration of food (for larval P. Iividus eating If. elongata this is between -2,000 and -4,000 cells ml-I, Fenaux et al. 1985a,b) . H. elongata (also known as Cricosphaera elongata) is a coccolithophorid. It supported the fastest growth of larval P. Zividus of the four algae that have been tested (Fenaux et al. 1988) . Cells of H. elongata disintegrated rapidly in the larval stomach.
Chlorophyll and particle concentrations were measured for water that had been filtered through a 50-pm mesh. Chl a was determined according to Strickland and Parsons (1968) . Number and volume of particles were determined with a HIAC particle analyzer. Particles between 3-and 20-pm nominal diameter were counted because they are within the range that can be easily captured by echinoplutei even at early stages (Strathmann 197 1; Rassoulzadegan and Fenaux 1979; M. L. Pedrotti unpubl.) . Echinoplutei catch smaller particles with less efficiency in tests with plastic spheres (Rassoulzadegan et al. 1984) , and larger particles can present problems that depend on shape (Strathmann 197 1) . For comparative purposes, the cutoff in size of particles should make little difference because measures of particle abundance were highly correlated. Variation in concentrations of particles in the 3-5-pm range closely paralleled variation of the 5-20-pm particles; variation in volumes of particles closely paralleled variation in numbers; and the Spearman rank correlation between Chl a in the <50-pm fraction and number of particles in the 3-to 20-pm range was 0.843. Absolute number of particles was sensitive to a lower cutoff of 3 vs. 5 pm, but volume was not; particles in the 3-5-pm range were a small fraction of the volume of larger (5-20-pm) particles.
A supplementary experiment in spring confirmed that particulate food > 3 ,um is important to larval nutrition.
For the first 7 d of feeding (from 20 to 27 May), larvae were reared with three different rations ( Table 1 ). There were five replicate loo-ml jars per ration, initially with 10 larvae per jar. The jars were not stirred except at daily water changes. In comparisons of means for larvae in each jar for midline length, body width, stomach length, and length of the recurrent rod (an early indicator of larval growth, Fenaux et al. 1988) , there was no overlap among treatments. The greatest growth was in the 50-pm filtered water, with some growth in the 3-pm filtered water and no growth in the 0.45~pm filtered water (Table 1) . Thus, particles > 3 pm are important for growth. The result confirms results of Fenaux et al. (1988) for 3-and 50-pm filtered water. Particulate food was an important nutritional resource for these larvae.
There is no practical measure of natural food supply that includes all potential sources of nutrition or distinguishes between quantity and quality. Observations on use of dissolved organic material (Shilling and Manahan 1990) and bacteria (Rivkin et al. 1986 ) indicate additional sources of food for echinoid larvae. For our purpose, however, it was sufficient that the measures be correlated with food for the larvae.
Plankton samples were taken in 1988 from 17 May to 15 June and from 10 October to 7 November. These spring and autumn intervals correspond to the two principal periods of reproduction of P. Zividus (Fenaux 1968) . The sampling periods also included the periods of laboratory experiments on food limitation. In spring, vertical tows (20-O m = 4.8 m3 of water filtered) and oblique tows (5-min duration) were taken with a Working Party 2 net (0.57-m diam x 2.5 m long with 200~pm mesh) almost daily at point B or point S in the entrance to Table 1 . Size of larvae attained at 9 d of age with the ration from daily changes of seawater passed through 50-, 3-, or 0.45pm filters. Median and range (n = 5) for the jar means for each treatment. the bay (Fig. l) , and one of the samples from 19 May was taken from a site a short distance east of the mouth of the bay. In autumn, tows were taken in the same way at points B, S, and SR, except for samples for 1 O-l 4 October, which were combined vertical tows (75-O m) taken with a Juday Bogorov net of 200~pm mesh for a different project. Because samples from different tows contained similar larvae but in small numbers, data were combined for each date.
In practice, an apparent cohort was presumed to be a cohort, but to assess spatial variation in larval stages in the vicinity of the bay, we examined additional samples taken on 24, 27, and 30 May at 10 stations farther east (between Beaulieu and Monaco) by the Winnaretta Singer of the Musee Oceanographique de Monaco (Fig. 1 ). Collections were with a Working Party 2 net, as above.
Plankton samples were fixed with formaldehyde buffered with CaCO, so that the final concentration was 4%. This concentration of buffered formaldehyde preserves larval skeletons for several months, and measurements on larvae were completed within this time. Larvae were sorted from the sample and measured with a 10 x objective and ocular micrometer. Cultured larvae were preserved and measured in the same way. Terminology for measurements is given in Fig. 2 . Diameters of rudiments at early stages were measured as the diameter of contact between the invaginated epidermis and the hydrocoel.
Test results and discussion
Is growth in the laboratory with nearly natural planktonic food less than growth with an enhanced ration offood?-Growth of the echinus rudiment was greater when the nearly natural supply of food was enhanced with cultured algae (Table 2) . Growth of the echinus rudiment is a good indicator of progress toward competence for metamorphosis. An enhanced supply of food either increased growth of the stomach (9-and 14-d-old larvae in autumn) or made no significant difference (9-d-old larvae in spring). The larval stomach of echinoplutei is carried though metamorphosis and accumulates lipids during development (Burke 198 1). Thus, by indicators of growth toward the postmetamorphic juvenile, growth was greater with an enhanced ration in both spring and autumn.
An enhanced ration produced shorter midline body lengths and arm lengths in larvae at advanced stages (Table 2) . Longer arms at an advanced stage have been experimentally shown to be a sign of food limitation (BoidronMetairon 1988; Hart and Scheibling 1988a ). Larval arms function in feeding (R. R. Strathmann 197 1, 1987) and possibly defense, and a greater allocation to these ephemeral structures when food limits growth may be adaptive.
Results with the nearly natural and enhanced rations indicate that limiting supplies of natural food extended the duration of planktonic development in both spring and autumn, but artifacts from laboratory cultures are possible. Concentrations of particles declined during the 1 -d interval between water changes. For the nearly natural ration in autumn, the number of 3-20-pm particles decreased to a mean of 34% of the initial concentration (SD lo%, n = 35) and volume decreased to 44% (SD 17%, n = 35). Chl a did not decline as much as particles; in comparisons on four dates, Chl a declined to 76% of the initial concentration (SD 23%), while the number and volume of 3-20-pm particles declined to a mean of 33%.
The cause of the daily loss of particles was unclear because three comparisons suggested three different and inconsistent causes. Simply holding the water in clean jars for a day re-D Table 2 . Mean size (pm) attained with nearly natural and enhanced supplies of food at 9-and 14-d age (n = 40 with eight larvae per jar, five jars per treatment). Probabilities arc for nested ANOVA (F,.,). Not significant--s. sulted in decline of number and volume of 3-20-pm particles to 74% (SD 12%) and 90% (SD 19%) (n = 7), whereas particles in the culture jars declined significantly more on the same days (P = 0.002, Mann-Whitney U-test). By itself, this result suggested grazing by plutei. However, in a comparison of loss of particles in used culture jars with and without plutei, losses were similar (three replicates per treatment, observations for 1 d), a result that suggested that aging of the culture jars rather than grazing by the plutei was associated with loss of particles. Nevertheless, there was no evidence of increased grazing by unobserved microorganisms that might have accumulated in culture jars throughout the study, because there was no trend in daily losses of particles over 15 d of culture during autumn. If grazing by accumulating microorganisms were a cause of particle losses, then increasing daily losses would be expected. Although the causes of changes in particles were unclear, the nearly natural ration did decline in quantity even with daily changes of water.
Thus, laboratory comparison of the development times with nearly natural and enhanced rations could be qualitatively correct yet quantitatively erring in its estimate of the effect of food limitation on the planktonic period.
Is growth in the laboratory with nearly natural planktonic food less in a season with lower concentrations of Chl a and particles?-Foodlimited development is also indicated by comparing larval growth with the nearly natural ration in spring and autumn. The stomachs and echinus rudiments were smaller in autumn than in spring for 9-d-old larvae (nested ANO-VA, P < 0.001 with F1,J. Arm lengths and midline body length were not significantly different (nested ANOVA). Means for the measures are listed in Table 2 . The concentrations of 3-20-pm particles of (Fig. 3A) and Chl a (Fig. 3B) were lower in autumn than in spring (Mann-Whitney U-tests, P < 0.001). A difference in temperature is insufficient to account for slower growth in the autumn experiment because temperatures (Fig. 3D) were higher in autumn than in spring (Mann-Whitney U-test, P < O.OOl), and growth of plutei is faster at higher temperatures under ad libitum feeding (McEdward 1985; Hart and Scheibling 19883) .
Thus, the laboratory experiments with a nearly natural ration suggest that seasonal differences in concentration of planktonic food affect rates of development.
This comparison confirms observations of Fenaux et al. (1987) who compared development of larvae of P. lividus with a nearly natural ration in two spring seasons and found that development was faster in the year with higher concentrations of Chl a.
In this test, only the nearly natural rations are compared, and possible differential artifacts from comparison of enhanced and nearly natural rations are eliminated; however, a different uncontrolled variable enters this comparison. Differences between gametes could arise either from the small sample of parents (one pair in spring, three pairs in autumn) or from seasonal differences in quality of eggs (George 1990 ). In autumn cultures from three pairs of parents, the effects of treatments were similar for larvae from all three parental pairs and large relative to variation within treatments. However, echinus rudiments of larvae from one pair of parents developed less rapidly with both natural and enhanced rations and thereby contributed to the significant but small differences within treatments (nested ANOVA with Fs,7o, P < 0.01). Although differences among parental pairs within a season were small relative to treatment effects, the differences between eggs in different seasons could be greater. The seasonal differences could arise from differences in parental nutrition (George 1990 ) and could therefore reflect quality or quantity of benthic food for parents rather than planktonic food for larvae. Other potential causes of seasonal differences in eggs include temperature or stage in a gametogenic cycle. Differences between small samples of parents in the laboratory could also affect the third and fourth tests, and seasonal differences in gametogenesis or reproductive portion of the population could affect the fifth test (below).
Thus, a comparison of nearly natural rations between seasons eliminates differential arti- -- facts of natural and enhanced rations but introduces possible differences in quality of gametes as an uncontrolled variable.
Does the maximal rate of growth in the laboratory exceed the inferred rate of growth in the field?-Rates of growth and development were estimated in two ways. One method compared rates of increase in diameter of the echinus rudiment; the second compared the estimated duration of development from spawning to a given rudiment diameter. Because larvae with different rations of food follow different developmental trajectories, length and number of arms and dimensions of most body parts do not provide comparable measures of growth for larvae growing at different rates (Strathmann et al. 1992) . We used the diameter of the echinus rudiment as the best measure of larval growth rate because it measures growth toward competence for metamorphosis (Hart and Scheibling 19883) . For an estimate of duration of planktonic development, we calculated date of spawning from the time of appearance of larvae and the time for development to that stage in the laboratory, and date for competence for settlement by extrapolation from the most advanced stage sampled and an assumed maximal rate of growth of the rudiment. Our calculations of time from spawning to competence for settlement that were based on plankton samples may therefore underestimate the duration of the planktonic period.
The estimate of rate of growth of the echinus rudiment was obtained from an apparent cohort in the autumn plankton. The echinus rudiments in larvae became progressively larger (Fig. 4A) , and the more advanced larvae from each date could be interpreted as the most rapidly developing larvae in a cohort. The least advanced could be either larvae developing more slowly or larvae from a later spawning. Figure 4A exaggerates the scatter because coincident points are hidden. The medians for each day indicate increase in diameters of echinus rudiments without the distraction of extreme outlying points (Fig. 4B) . The echinus rudiments of larvae with the enhanced laboratory ration increased more rapidly (Fig.  4A,B) . The rates of growth were estimated by reduced major-axis regression (LaBarbera 1989) because of error in estimating the age of larvae in the plankton. t,2 for two-tailed t-tests of differences in growth rate was calculated by equations of Clarke (1980) and McArdle (1988) . For larvae with an enhanced ration in the laboratory, the echinus rudiment grew 42 pm d-I. For comparison we used an early interval for the planktonic cohort (19-24 October) because there was less scatter and bccause use of earlier stages avoided a possible Table 3 . Comparison of rates of growth of echinus rudiments of larvae with an enhanced ration in the laboratory and larvae sampled from the plankton. Larvae from the laboratory (25 October-l November, 7-14-d-old) arc indicated by subscript 1, larvae from the plankton (19-24 October) by subscript 2. The estimated growth rates (pm d-') are given by the slopes with reduced major axis regression, b, and b, (for lab and field). The correlation coefficients are rl and r,; the sample sizes are n, and n,; flz is the t-value for a test of equality of slopes. The high outlicr in the 2 1 October sample (Fig. 4A) bias from settlement and metamorphosis of late-stage larvae. The estimated growth rate in the plankton was 32 pm d-l. Further restriction of the interval for plankton samples to 19-23 October increased the estimated growth to 33 pm d-l. Extension of the interval for plankton samples from 19 to 27 October decreased the estimated growth rate in the plankton to 27 ,um d-l. To climinatc laggards we used the upper third of values for each day for the plankton samples, and to reduce scatter we used the median values for each day. These alternative methods produced little change in the results (Table 3) .
In these comparisons, the temperatures in the laboratory were < 0.5"C higher than the near-surface sea temperatures. Tyler's (1936) data for embryos of the echinoid Dendraster excentricus indicated a Q2 for rate of development of -1. l-l .2 at temperatures between 18 and 22°C. A difference of < 0.5"C would be insufficient to account for a difference in growth rate of 1.2 or more (Table 3) . Thus, the estimated rates of growth of echinus rudiments indicated food-limited growth in the plankton.
The plankton samples in October also provided an estimate of duration of planktonic development. Four-armed larvae were abundant in the pooled sample from 10 to 14 October. Six-armed larvae predominated in samples on 17 and 18 October and declined until absent on 21 October and thereafter. Eightarmed larvae predominated after 20 October. Midline body length increased until 21 October, reached a plateau, and then declined (Fig.  5A ). This pattern results from growth to full larval size followed by resorption of the somatic rods (cf. Fig. 2A and C or 2B and D for the later change). The diameter of the cchinus rudiment increased from 19 October, when it could first be measured, until 29 October (Fig.  4A,B) . These progressive increases in size and advances in stage indicate successive sampling of a developing cohort, but estimating dates of spawning and competency required extrapolation.
In the laboratory, the larvae first reached the four-armed stage at 2 d after fertilization and the six-armed stage at 7 d after fertilization. We therefore assumed spawning of this cohort on 10 October. The median diameter of the echinus rudiment for larvae with the enhanced ration was 3 16 pm at 14 d of age. These 14-d-olds from the enhanced ration appeared to be competent to settle because juvenile podia extended from the rudiments of almost half the larvae and, of 206 of the 14-d-old larvae tested with a fouled substratum, 68% had begun metamorphosis and another 20% had attached by their podia within the next day. At the same age (24 October), larvae in the plankton had a median rudiment diameter of only 172 pm. Development in the laboratory was < 1°C above surface temperatures in the field for the intervals for this comparison. Extrapolation beyond 24 October with the rate of growth from the enhanced ration gave 3.4 more days to reach 3 16 pm, so that a minimum estimate of the planktonic period became 17. echinus rudiment, in which the enhanced ration increased growth by 21-54% (Table 3) .
Plankton samples in June provided a second estimate of duration of planktonic development. Larvae at the earliest part of the fourarmed stage appeared on 3 1 May. The earliest larvae of P. Zividus (2-3-d-old) have a somatic rod longer than the postoral rod (De Greef and Jangoux 1987) , and the postoral rod subsequently increases relative to the somatic rod as the larvae grow. The ratio of mean lengths (somatic rod : postoral rod) was 1.14 on 3 1 May and declined to 0.85,0.76, and 0.75 from 1 to 3 June. These rod ratios support an estimated spawning on 29 May. Larvae at the six-armed stage predominated on 6 June, and eight-armed larvae predominated after 10 June. Midline length increased from 3 1 May to 10 June (Fig.  5B) , an indication of successive samples from a developing cohort of larvae. We therefore assumed that 19 larvae measured on 13 June were 16-d old. The median diameter of echinus rudiment was 184 pm. In contrast, with the enhanced ration in the laboratory, the median diameter of the rudiment of 14-d-old larvae was 3 10 pm, and, of 112 of these larvae tested with a fouled substratum, 95% had begun metamorphosis within the next 2 d. The comparison indicates that in the plankton a less advanced stage was reached after a greater time.
Extrapolation beyond 13 June with the rate of growth from the enhanced ration (43.7 pm d-l) gave 2.9 more days for the planktonic larvae to reach 3 10 pm, so that a minimum estimate of the planktonic period became 18.9 d. Development in the laboratory was < 0.5"C below surface temperatures in the field for the intervals for this comparison. The comparison indicated that limited food in the plankton increased the planktonic period by 5 d or 35%. The apparently greater food limitation in June than in October seems inconsistent with our other comparisons between spring and autumn. The cause of the apparent discrepancy is the estimated time from spawning to an early stage of growth of the echinus rudiment. The difference in temperature for these earlier stages in spring and autumn (Fig. 3C ) may account for the difference in rate of development.
We could not verify that these estimates of growth rate from field samples were unbiased by mixing of populations initiated at different times or developing at different rates. On 24 May, nine of ten samples from a series of stations ( I-10 in Fig. 1 ) contained predominantly four-armed larvae, indicating homogeneity in stages of larvae from Monaco to Beaulieu sur Mer (7 km). However, there were no fourarmed larvae in the sample from the mouth of the bay of Villefranche (point B, Fig. 1 ) on this day, and because the abundance of larvae had declined markedly in samples on 27 and 30 May, we could not follow a developing co-hort at stations l-10. Nevertheless, the simplest explanation for the continuous increases in stage and size during June and October is that we sampled two growing cohorts of larvae. Does the form of the larvae in the plankton indicate food-limited development?-In the laboratory treatments, larvae with the enhanced ration and larvae with the nearly natural ration differed in form as well as in rate of development (Table 2) . The difference in form provides an indication of food-limited growth and development that does not require information on the age of the larvae. With abundant food, larval arms do not grow as long, and the echinus rudiment and stomach increase in size when the larval arms are at an earlier stage of development (Boidron-Metairon 1988; Hart and Scheibling 1988a; Strathmann et al. 1992) . For larvae reared in the laboratory with nearly natural and enhanced rations of food, there is almost no overlap in a plot of postoral arm length against diameter of the echinus rudiment (Fig. 6A) .
Larvae from the plankton have the foodlimited form in both autumn and spring, as indicated by plots that compare larvae from the plankton to larvae with the enhanced ration (Fig. 6B,C) . The effect of food limitation is evident even by inspection of individual larvae. Larvae with the nearly natural ration and larvae from the plankton reached the eightarmed stage with little or no development of the echinus rudiment ( Fig. 2A,B) . Larvae from the plankton had much longer arms than larvae with an enhanced ration with similar development of the echinus rudiment (Fig. 2C,D) . Does the form ofplanktonic larvae in seasons with lower particle and chlorophyll concentrations indicate more limiting quantities of food?-Concentrations of particles of edible size ( Fig. 3A ) and of Chl a (Fig. 3B) were lower in autumn than in spring, and postoral arms were longer in autumn (Fig. 6D) . Thus, in a season with less particulate food, the forms of larvae from the plankton indicated a more food-limited development.
Chl a and particle counts are at best only indices of the abundance of foods that are actually taken by the larvae, and seasonal differences in quality of food were not examined.
Discussion of implications
Five different methods of testing indicated that food limited the rates of development of larval sea urchins in autumn in coastal waters near Villefranche-sur-Mer.
Three of the mcthods also indicated that food limited rates of larval development in spring, but not as many methods were possible for larvae in the spring plankton. We have emphasized the weaknesses in these tests, but they are weaknesses that characterize nearly all published studies of food-limited growth. The strength of this study is that varied methods were used for the same time, place, and species. Because the five methods differ in assumptions and potential artifacts, the chance of erroneous interpretation is much less than would be the case with a single method. Because each single method was at least qualitatively in agreement with the others, one could optimistically conclude that much of the literature on food-limited development and growth is reliable despite potential artifacts and untested assumptions of the methods. However, it remains the case that multiple independent methods provide a stronger result than increased replication of a single method with unknown biases.
Larval echinoderms are expected to feed and grow at low concentrations of food at least as well as other larval forms (McEdward and Strathmann 1987; Olson and Olson 1989) , and the concentrations of food (N 0.3 pg Chl a liter-l in spring and about half that in autumn) were not extraordinarily low. Thus, our results suggest that growth and development of other larval forms and other small suspension feeders are often food limited in coastal waters. The coastal waters at our study site were not rich in food, but many coastal waters have similar concentrations of phytoplankton.
This result indicates that limited planktonic food influences the evolution of larval structures and processes of suspension feeding. Given the mortality rates reported for planktonic larvae (Strathmann 1985; Rumrill 1990 ), a few days' extension of the planktonic larval period implies a large selection coefficient.
Widespread food-limited growth does not necessarily imply that variation in natural food supplies for larvae has a great effect on recruitment. An instantaneous mortality rate of 0.2 d-' is near the upper end of published estimates from plankton samples (Strathmann 1985; Rumrill 1990) ; with this instantaneous mortality rate, 45% of the remaining larvae would be lost during a 3-d extension of the larval period and 63% in a 5-d extension. Ad- ditional losses of up to half of the larvae because of limited food could contribute to variation in recruitment but could not account for the greater variation in recruitment that occurs in some benthic populations.
In studies of different larvae in different waters, an enhanced diet has produced only a small decrease in development time despite great differences in the natural abundance of particulate food or concentration of Chl a (Table 4). Methodological differences between experiments might account for the apparent lack of a relation between degree of food limitation and natural concentrations of food. However, these disparate studies suggest that over a great range of concentrations of natural food the limited food supply extends the planktonic period by only a few days. Huntley and Lopez (1992) gave a similar conclusion for copepods, although it was based on the high correlation between temperature and time for development to maturation. They invoked feeding on patches of concentrated food as a possible explanation. Acclimation could also greatly reduce the effect of food supply on rate of growth, or animals adapted to a particular supply of natural food may have a limited ability to respond to a greatly increased supply (Present and Conover 1992) .
If one or several of these explanations is correct, the effect of natural variation in food on planktonic period, and hence recruitment, would be slight, but the effect of limiting concentrations of food on the evolution of larval form, behavior, or physiology would be great. Variation in natural food supplies could have little effect on recruitment and nevertheless have a large effect on the traits of larvae and evolution of life histories. As an example, the shift in allocation from stomach and echinus rudiment to arms and ciliated band when food is scarce (Strathmann et al. 1992 ) could increase capacity to catch food and rate of growth. The accelerated development of the echinus rudiment and reduction of larval structures when food is abundant could minimize the planktonic period. This developmental plasticity may be one of several homeostatic adjustments in larvae that decrease the effect of food supply on larval period. 
